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Abstract We present an extension of theGenevaMonte
Carlo framework to include multiple parton interac-
tions (MPI) provided by Pythia8. This allows us to
obtain predictions for underlying-event sensitive mea-
surements in Drell-Yan production, in conjunction with
Geneva’s fully-differential NNLO calculation, NNLL′
resummation for the 0-jet resolution variable (beam
thrust), and NLL resummation for the 1-jet resolution
variable. We describe the interface with the parton shower
algorithm and MPI model of Pythia8, which preserves
both the precision of partonic N -jet cross sections in
Geneva as well as the shower accuracy and good de-
scription of soft hadronic physics of Pythia8. We present
results for several underlying-event sensitive observables
and compare to data from ATLAS and CMS as well
as to standalone Pythia8 predictions. This includes
a comparison with the recent ATLAS measurement of
the beam thrust spectrum, which provides a potential
avenue to fully disentangle the physical effects from the
primary hard interaction, primary soft radiation, mul-
tiple parton interactions, and nonperturbative hadron-
ization.
Keywords QCD · Higher-Order corrections · Monte
Carlo · Resummation
1 Introduction
Exclusive Monte-Carlo event generators are an impor-
tant tool to make theoretical predictions for collider
observables. By including both perturbative and non-
perturbative effects, exclusive generators are able to
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provide predictions for a wide range of observables,
whether they are dominated by short-distance physics
or not. They aim to correctly describe physical effects
over a wide range of energy scales, including
1. The perturbative effects of the primary hard inter-
action,
2. The perturbative evolution of the products of the
primary hard interaction,
3. Additional interactions between partons within the
same proton (MPI)
4. Nonperturbative physics such as hadronization, beam
remnants, transverse momenta in the colliding par-
tons, etc.
For sufficiently inclusive observables, it is enough
to include only the perturbative effects of the primary
hard interaction to achieve precise predictions, and for
such observables one can directly compare measured
data against partonic calculations. For less inclusive,
resummation-sensitive observables, the perturbative evo-
lution of the primary interaction becomes important,
while MPI and most of the nonperturbative effects still
give a subdominant contribution. Finally, there is a
large class of exclusive observables for which all physical
effects mentioned above contribute to similar extent.
The concept of the underlying event (UE) [1,2,3,4]
was introduced as a means to describe the soft hadronic
activity that underlies the primary hard interaction.
Typically, the effects arising from MPI are directly as-
sociated with the UE, and the traditional approach
taken to study the UE is to define observables that
have strong sensitivity to MPI and for which the ef-
fect from the primary interaction is reduced. In the fol-
lowing, we call such observables UE-sensitive observ-
ables. However, in principle all of the above contribu-
tions can give rise to the effects that are experimen-
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2tally associated with soft activity and the underlying
event, which makes a precise theoretical definition of
the UE challenging. For example, it is well known that
including higher-order perturbative corrections to the
primary interaction in parton-shower Monte Carlos can
give a nontrivial contribution to traditional UE mea-
surements [5,6]. Similarly, interference effects due to
perturbative soft initial-state radiation in the primary
interaction can contribute to many observables in a sim-
ilar way than MPI effects [7].
UE-sensitive observables are typically constructed
by dividing each event into distinct angular regions [4].
The “toward” and “away” regions are defined to be
aligned with the directions of the products of the pri-
mary hard 2 → 2 interaction, while the “transverse“
region is the complementary coverage of the solid angle.
While the toward and away regions are typically dom-
inated by the primary interaction, those effects are re-
duced in the transverse region. This makes observables
measured in the transverse region sensitive to MPI.
However, the effects from the primary interaction, in
particular soft radiation and hadronization effects, give
a sizable contribution in the transverse regions and need
to be included in a proper description.
In recent years, there has been much effort to com-
bine precision calculations of the hard interaction with
fully exclusive Monte Carlo generators, which aim to
describe the perturbative evolution of the primary par-
tons and add nonperturbative physics and MPI effects
through physical models. This started with the combi-
nation of leading order (LO) predictions for several mul-
tiplicities with parton showers [8,9], and shortly there-
after methods to combine next-to-leading order (NLO)
calculations were developed [10,11,12,13,14]. By now
there are several methods available to combine multi-
ple NLO calculations with parton showers [15,16,17,18,
19,20,21,22,23]. More recently, combinations of specific
Drell-Yan like NNLO calculations with parton showers
have been presented in Refs. [24,25,26,27,28,29,30].
As the main focus of these theoretical developments
is to increase the perturbative precision of the primary
interaction, most studies of this focus on observables
that are sensitive to primary perturbative effects (1.
and 2. above) but are insensitive to MPI. Since the
purpose of these methods is to combine the perturba-
tive calculations with the versatility of fully exclusive
Monte-Carlo generators, it is important to also study
how well observables sensitive to soft hadronic activity
and underlying event are described in these approaches,
but so far there have been only few studies discussing
the impact on UE-sensitive observables in detail [21,31,
32,33].
In this paper, we perform such a study for the event
generator Geneva [20,30] interfaced to Pythia8 [34,
35,36], focusing on Drell-Yan neutral-current produc-
tion. By comparing to UE-sensitive observables, the
predictions depend on the perturbative calculations in
Geneva, as well as the perturbative parton shower, the
hadronization model, and the MPI model implemented
in Pythia8. Of those observables, some are mostly in-
dependent of the hard interaction, while others contain
sensitivity to both the long distance physics as well as
the hard process (for example when long distance ob-
servables are shown in bins of the transverse momen-
tum of the Z boson). We will show that predictions for
observables that are mostly independent of the hard
interaction, Geneva+Pythia8 yields results that are
very similar to those obtained by running Pythia8 di-
rectly. This indicates that the constrained shower used
in Geneva is not spoiling the accuracy of the parton
shower, or the model used to describe MPI and nonper-
turbative effects. On the other hand, observables that
have sensitivity to the hard kinematics are improved
compared to Pythia8 standalone, as expected.
As already mentioned, while UE-sensitive observ-
ables are designed to enhance the effects of MPI, they
still are very sensitive to the perturbative soft radia-
tion from the primary interaction, and it is typically
difficult to fully disentangle these two effects. An alter-
native approach [7] is to consider observables for which
the perturbative (and in principle also nonperturbative)
soft effects from the primary interactions can be ex-
plicitly accounted for with field-theoretic methods and
calculated to high precision. This then allows one to
more directly isolate the physical effects due to MPI
and test its modelling. Beam thrust [37] (or 0-jettiness)
provides such an observable. In Geneva, beam thrust
is used as jet resolution variable and is resummed to
NNLL′ accuracy, providing a precise description of the
physics originating from the primary interaction. Thus,
comparing predictions from Geneva interfaced to the
hadronization and MPI model of Pythia with experi-
mental data for this observable provides one of the best
ways to isolate the effects from MPI.
This paper is organized as follows: In sec. 2 we
review the perturbative inputs in Geneva and how
Geneva is interfaced with Pythia8. In sec. 3 we com-
pare the predictions of Geneva+Pythia8 with Drell-
Yan measurements from ATLAS and CMS of several
UE-sensitive observables. In sec. 4 we present a com-
parison of Geneva+Pythia8 and data from ATLAS
for beam thrust. Our conclusions are presented in sec. 5.
32 Review of Geneva and its Pythia8 interface
In this section, we discuss the theoretical setup of Geneva.
We first review the partonic calculations used to obtain
the NNLL′+NNLO perturbative accuracy, and then the
interface with the parton shower. We present here only
the main results, and for a more detailed presentation
of the method we refer the reader to refs. [20,29,30].
2.1 The partonic calculation
As discussed in detail in ref. [30], Geneva separates
the available partonic phase space into exclusive 0/1-
jet and an inclusive 2-jet cross section:
Φ0 events:
dσmc0
dΦ0
(T cut0 ) ,
Φ1 events:
dσmc1
dΦ1
(T0 > T cut0 ; T cut1 ) ,
Φ2 events:
dσmc≥2
dΦ2
(T0 > T cut0 , T1 > T cut1 ) , (1)
each of which is fully differential in their jet phase space.
Jet resolution variables T0 and T1 are used to separate
the exclusive 0-jet from the inclusive 1-jet, and the ex-
clusive 1-jet from the inclusive 2-jet cross section, re-
spectively. By including the resummation of the T cut0
and T cut1 dependence to high order, the numerical val-
ues of these two jet resolution parameters can be chosen
to be small, such that the phase space is dominated by
the inclusive 2-jet sample.
The 0-jet cross section is given by
dσmc0
dΦ0
(T cut0 ) =
dσNNLL
′
dΦ0
(T cut0 ) +
dσNNLO00
dΦ0
(T cut0 )
−
[
dσNNLL
′
0
dΦ0
(T cut0 )
]
NNLO0
. (2)
It is correct to NNLO at fixed order, and to NNLL′ in
the resummation of the T cut0 dependence. The [. . .]NNLO0
notation indicates that the result inside the brackets is
expanded up to O(α2s ) relative accuracy.
The 1-jet cross section is
dσmc1
dΦ1
(T0 > T cut0 ; T cut1 ) =
dσC≥1
dΦ1
U1(Φ1, T cut1 )−B1(Φ1)U (1)1 (Φ1, T cut1 ) +
∫
dΦTradB2(Φ1, Φ
T
rad) θ(T1 < T cut1 )− dΦCradC2(Φ1, ΦCrad) , (3)
where U1(Φ1, T cut1 ) describes the resummation of
the T cut1 dependence, and U (1)1 (Φ1, T cut1 ) the first or-
der of its expansion in αs. The exclusive 1-jet cross
section needs to include the Φ2 contributions below the
T cut1 . To perform this integration one writes the inte-
gral over Φ2 as dΦ2 ≡ dΦ1dΦrad, where Φrad denotes
the 3 additional radiation variables to define Φ2, and
dΦrad includes the appropriate Jacobian factor. This
requires the introduction of a phase space map Φ2 ≡
Φ2(Φ1, Φrad) for both the real-emission and the subtrac-
tion contribution. The two maps need not be the same,
but they need to agree in the collinear and soft limits
for the subtraction to pointwise cancel the IR singulari-
ties. We have labeled the two maps as Φ2(Φ1, Φ
T
rad) and
Φ2(Φ1, Φ
C
rad), respectively. The real-emission and the
subtraction contributions are then directly expressed as
function of these maps asB2(Φ1, Φ
T
rad) and C2(Φ1, Φ
C
rad).
It is important that the map Φ2(Φ1, Φ
T
rad) preserves the
value of T0, i.e. T0[Φ2(Φ1, ΦTrad)] = T0(Φ1) in order for
the correct T0-singular structure of dσ
mc
1
dΦ1
(T0 > T cut0 ; T cut1 )
to be reproduced at NNLL′. This is discussed in detail
in ref. [30]. The map used for the subtraction is the
standard FKS map [13].
The expression for dσC≥1/dΦ1 is given by
dσC≥1
dΦ1
=
dσNNLL
′
dΦ0dT0 P(Φ1) + (B1 + V
C
1 )(Φ1)
−
[
dσNNLL
′
dΦ0dT0
]
NLO1
P(Φ1) , (4)
where the normalized splitting function P (Φ1) described
in [30] makes the T0 resummation differential in the
full Φ1 phase space. Note that we have omitted the
θ-functions enforcing the constraint T0 > T cut0 for no-
tational simplicity.
The inclusive 2-jet cross section is given by
4dσmc≥2
dΦ2
(T0 > T cut0 , T1 > T cut1 ) =
dσC≥1
dΦT1
U ′1(Φ
T
1 , T1)P(Φ2)−B1(ΦT1 )U (1)′1 (ΦT1 , T1)P(Φ2) +B2(Φ2) [1−ΘT (Φ2) θ(T1 < T cut1 )] , (5)
where U ′1(Φ1, T1) denotes the derivative of U1(Φ1, T1) with
respect to T1, and we have again omitted the θ-functions
enforcing the constraint T0 > T cut0 and T1 > T cut1 .
The dependence on the map used for the projection
ΦT1 ≡ ΦT1 (Φ2) is also kept manifest here. This must cor-
respond to the inversion of the mapping from Φ1 → Φ2
used in eq. (3) for the real-emission contribution. How-
ever, such a map does not necessarily cover all of Φ2
phase space, as it can omit nonsingular regions. There-
fore, the regions in Φ2 with T1 < T cut1 which are not
covered by the phase space map have to be included in
the inclusive 2-jet cross section above by means of the
ΘT function.
Finally, we point out one important difference of the
implementation used here compared to ref. [30]. In that
paper, the T1 resummation was performed to LL accu-
racy. While this was correct to the order stated, it left
a logarithmic dependence on T1 in the nonsingular con-
tributions to eq. (5). This dependence can be removed
by performing the T1 resummation to higher accuracy.
For the results of this paper we have implemented the
resummation of T1 to full NLL accuracy. Including the
full kinematic dependence, the relevant NLL evolution
factor is given by [38,39]
U1(Φ1, T cut1 ) =
U
Γ
(
1 + 2(2CF + CA)
[
ηNLLΓ (µS , µH)− ηNLLΓ (µJ , µH)
]) with (6)
lnU = 2(2CF + CA)
[
2KNLLΓ (µJ , µH)−KNLLΓ (µS , µH)
]
+ 2CF
[
− ηNLLΓ (µJ , µH) ln
(
wqwq¯
µ2H
)
(7)
+ ηNLLΓ (µS , µH) ln
(
wqwq¯
sqq¯
)]
+ CA
[
− ηNLLΓ (µJ , µH) ln
(
w2g
µ2H
)
+ ηNLLΓ (µS , µH) ln
(
w2gsqq¯
sqgsq¯g
)]
+KNLLγ (µJ , µH)− 2γE(2CF + CA)
[
ηNLLΓ (µS , µH)− ηNLLΓ (µJ , µH)
]
.
Here we have defined the functions
KNLLΓ (µ1, µ2) = −
Γ0
4β20
[
4pi
αs(µ1)
(
1− 1
r
− ln r
)
+
(
Γ1
Γ0
− β1
β0
)
(1− r + ln r) + β1
2β0
ln2 r
]
ηNLLΓ (µ1, µ2) = −
1
2
Γ0
β0
[
ln r +
αs(µ1)
4pi
×
(
Γ1
Γ0
− β1
β0
)
(r − 1)
]
KNLLγ (µ1, µ2) = −
1
2
γ0
β0
ln r , (8)
with r = αs(µ2)/αs(µ1) and the dependence on T cut1 is
through the dependence on the scales
µS = T cut1 , µH = T max1 , µ2J = µS µH . (9)
Here, T max1 is the value at which the T1 resummation
is turned off, which is chosen near the maximum kine-
matically allowed value of T1 for a given phase space
point Φ1. The cusp and noncusp anomalous dimensions
entering above are given by
Γ0 = 4 , Γ1 = 4
[(67
9
− pi
2
3
)
CA − 20
9
TFnf
]
,
γ0 = 12CF + 2β0 , β0 =
11
3
CA − 4
3
TFnf . (10)
The kinematical terms are
sab = p
−
a p
+
b , sa1 = p
−
a p
+
1 , sb1 = p
+
a p
−
1 (11)
wa = p
−
a e
−YV , wb = p+b e
YV , w1 = p
+
1 e
YV + p−1 e
−YV ,
where pa, pb, and p1 are the massless four-momenta of
the Φ1 phase space point, and p
+ = p0 − p3, p− = p0 + p3.
5The assignment of pa, pb, and p1 to pq, pq¯, and pg is
according to the flavor structure of Φ1. For example, for
a qq¯ → Zg flavor structure we have pq = pa, pq¯ = pb
and pg = p1.
2.2 Interface to the parton shower
When running a parton shower on the partonic events
generated by Geneva, one recovers the emissions that
were integrated over in the definitions of the jet cross-
sections. This includes the integrations over the real
emission below T cut0 and T cut1 for the exclusive 0- and 1-
jet cross sections, and also the integrations over higher
multiplicities that are included through the resumma-
tion in the inclusive 2-jet rate. The parton shower must
act in such a way that it does not affect the integrated
jet cross-sections, while at the same time giving fully
exclusive final states with a large multiplicity of parti-
cles. The difficulty is in telling the parton shower how to
cover precisely those regions of the phase space which
were integrated over. In particular, the phase space map
Φ1 → Φ2(Φ1, ΦTrad) results in very complicated integra-
tion hyper-surfaces when written in terms of the parton
shower variables.
In ref. [20], where e+e− → jets was considered, these
constraints were implemented by explicitly restricting
the kinematics of the showered event. The approach
taken in ref. [30] improved on this. Since the precise
definitions of the phase space maps are only required
for the multiplicities covered by the perturbative calcu-
lation (up to 2 extra partons for the case considered),
one can perform the emissions up to Φ2 using analyti-
cal resummation that is based on the exact phase space
maps used, and only let the parton shower handle the
emissions after that point. Thus, one analytically adds
the first emission off a Φ1 event, down to the scale Λ1,
using the T1 resummation and phase space map con-
tained in Geneva, giving
dσmc1
dΦ1
(T0 > Λ0, T cut0 , T cut1 , Λ1) = (12)
dσ1
dΦ1
(T0 > T cut0 , T cut1 )U1(T cut1 , Λ1) ,
dσmc≥2
dΦ2
(T0 > Λ0, T1 > Λ1, T cut0 , T cut1 ) = (13)
dσmc≥2
dΦ2
(T0 > T cut0 , T1 > T cut1 )
+
d
dT1
dσmc1
dΦ1
(T0 > Λ0, T cut0 , T cut1 , T1)
× P(Φ2)θ(T max1 > T1 > Λ1) .
Choosing Λ1 ∼ ΛQCD, such that the Sudakov factor
U1(T cut1 , Λ1) becomes very small, results in a vanishing
dσmc1
dΦ1
(T0 > Λ0, T cut0 , T cut1 , Λ1) contribution.
The remaining constraint on the shower is now much
simpler, namely T2(ΦN ) ≤ T1(Φ2), and no constraint on
T0(ΦN ) and T1(ΦN ) is applied. This enforces that the
subsequent emissions do not give the dominant contri-
bution to T1. The T2(ΦN ) ≤ T1(Φ2) constraint is imple-
mented through a veto, which retries the shower until
the resulting event satisfies it. This effectively sets the
starting scale of the shower to T1(Φ2), essentially mim-
icking a TM -ordered shower for M ≤ 2. It was shown
explicitly in ref. [30] that this implementation retains
the perturbative accuracy of the partonic calculation,
including the NNLL′+NNLO accuracy of the T0 distri-
bution.
2.3 Interface to multiple parton interactions
In ref. [30], the focus has been on the description of
the primary interaction and correspondingly on observ-
ables that did not have sensitivity to MPI. For this rea-
son, MPI was turned off when interfacing to Pythia.
Adding a model of MPI to the constrained shower re-
quires some care.
The factorization formula underlying the perturba-
tive description of the Drell-Yan beam thrust spectrum
in Geneva [37,40]
dσSCET
dΦ0dT0 =
∑
ij
dσBij
dΦ0
Hij(Q
2, µ)
∫
dta dtbBi(ta, xa, µ)
×Bj(tb, xb, µ)S
(
T0 − ta + tb
Q
,µ
)
, (14)
describes the primary hard interaction as well as its per-
turbative evolution. The beam functions describe the
effects of perturbative collinear initial-state radiation
(ISR) to O(α2s ) [41,42]. The soft function S describes
soft ISR and contains contributions due to interference
between soft ISR from the two colliding partons, which
contributes to UE-sensitive observables. On the other
hand, MPI effects are not captured by eq. (14) [43,44].
The jet resolution variables TN chosen in Geneva
are sensitive to MPI effects. This is becauseN−jettiness
is a global observable, such that every particle in the
final state contributes, whether it arises from a pri-
mary or secondary partonic interaction. Since only ef-
fects from the primary interaction are included in the
perturbative description of Geneva, the effects from
MPI are unconstrained. Therefore, the kinematical con-
straint T2(ΦN ) ≤ T1(Φ2) should only be applied on the
showering of the primary interaction, and should not
include the effects of MPI. The simplest way would be
6to first add the parton shower to the partons from the
primary interaction as produced by Geneva, applying
the shower constraints discussed above. After that, MPI
effects can be included without any constraints.
In the Pythia8 Monte Carlo, however, the primary
shower and the MPI effects are interleaved [45]. The
solution we adopt is to separate the final state particles
into those that arise from the showering of the primary
interaction, and those that arise from MPI. This can
be achieved using the event record in Pythia8, which
keeps track of the origins of each particle in the final
state1. Upon checking if the showered event passes the
kinematical constraints, we only use final state particles
originating from the primary interaction in the calcu-
lation of T0 and T1. The MPI model included in the
parton shower is therefore allowed to violate the kine-
matic constraints, while the perturbative part of the
shower is not.
As discussed above, MPI contributions are not prop-
erly captured by eq. (14). For this reason, we currently
rely entirely on the MPI model in Pythia [2,47,45] to
describe the corresponding physics. Over the past few
years, there has been significant progress in the proper
field-theoretic description of the associated effects, see
e.g. [48,49,50,51,52,53,54,55,43,56,44], and in the fu-
ture, one can envision the extension of the perturbative
calculations used in Geneva to include such effects, at
least in part, which would then directly constrain the
MPI model.
3 Comparison with ATLAS and CMS data
Both ATLAS [57] and CMS [6] have measured observ-
ables sensitive to the UE activity in Drell-Yan events.
In this section we compare Geneva predictions to these
measurements. We also include the results from a stan-
dalone Pythia8 run with the same tune, to investigate
if and how adding the NNLL′+NNLO perturbative ef-
fects of Geneva to Pythia8 changes those results 2
We expect that for observables that are not sensitive
to hard interactions, Geneva+Pythia8 is close to the
results of Pythia8 alone, showing that the implemen-
tation discussed in sec. 2 does not spoil the logarithmic
structure of the shower. For observables which are sen-
sitive to the hard interaction, we expect that the more
1Note that this separation only makes sense if rescattering
effects [46], which allow the scattering of particles from the
primary interaction with particles arising from MPI, is turned
off.
2We remind the reader that standalone Pythia8 results for
Drell-Yan production by default include a first-order match-
ing to the leadind-order matrix elements that allows to pop-
ulate the hard jet regions.
accurate perturbative information in Geneva gives an
improvement in the description of the data.
For the results presented in the following we have
run Geneva for Drell-Yan production pp → Z/γ∗ →
µ+µ− at a center-of-mass energy of 7 TeV, using the
central set of the PDF4LHC15 [58] NNLO parton dis-
tribution functions from Lhapdf6 [59]. All the matrix
elements, including color and spin-correlations, are ob-
tained from OpenLoops [60], which improves speed
and stability compared to the previous implementa-
tion. The invariant mass for the muon pair has been
restricted to the range 60 < mµ+µ− < 120 GeV. The
other parameters relevant for our calculation are
MZ = 91.1876 GeV, ΓZ = 2.4952 GeV, (15)
sin2 θeffW = 0.2226459, α
−1
em(MZ) = 132.338 ,
T cut0 = 1 GeV , T cut1 = 1 GeV .
The renormalization and factorization scales in the fixed-
order contribution and the hard scale in the resumma-
tion part are taken equal to the dilepton invariant mass.
Both are varied by a factor of 2 in either direction to
estimate the fixed-order uncertainties. The resumma-
tion uncertainties are evaluated using appropriate pro-
file scale variations [61,62,63], and the total perturba-
tive uncertainties are obtained according to the proce-
dure presented in ref. [30].
For the parton shower, we use Pythia 8.215 [36]
with different tunes. The default tune shown in the fol-
lowing is the CMS tune MonashStar [64] (tune 18 in
Pythia8), also known as CUETP8M1-NNPDF2.3LO,
an underlying-event tune based on the Monash 2013
tune [65].
In the following plots, we show in red (blue) the
results of Geneva+Pythia8 with (without) the MPI
model turned on. For comparison, we also show the re-
sults of standalone Pythia using the same default tune
as a green histogram. The statistical uncertainties as-
sociated with Monte Carlo integration are not shown,
since they are negligible for most of the observables pre-
sented below. The perturbative uncertainty associated
with scale variations is shown as a band of the same
color as the corresponding Geneva central prediction.
These should be interpreted as the theory uncertainty
on the perturbative part of our calculation, which only
includes the effects of the primary interaction, and it is
therefore reported for illustrative purposes. For many
observables we will show, the dominant part of the ac-
tual theory uncertainty will be given by secondary in-
teractions and nonperturbative physics.
To estimate these effects, we also provide results
for the ATLAS UE Tune AU2-CT10 [66] (tune 11 in
Pythia8) and the Pythia 8.215 default tune Monash
2013 (tune 14), which were chosen to represent the typ-
7ical range of tune variations. We also report the result
for ATLAS Tune AZ [67] (tune 17 in Pythia8). At vari-
ance with the other tunes, the ATLAS Tune AZ started
from tune 4C and uses data for the Z-boson trans-
verse momentum, without explicitly including recent
UE-sensitive measurements from the LHC. We there-
fore expect its agreement with data to be less opti-
mal for UE-sensitive measurements, but we report it as
an indication of the uncertainties associated with the
choice of tune. In the following plots, the central val-
ues for these other tunes are shown as dashed lines of
similar color as the corresponding Geneva or Pythia
prediction for tune MonashStar.
Finally, in order to limit the contamination from dif-
ferent physical effects and to keep the event record as
simple as possible both Geneva and Pythia8 predic-
tions do not include any QED or EW showering.
3.1 ATLAS
The underlying event observables used in the compari-
son with ATLAS data are based on the charged parti-
cle tracks in each event. The transverse momentum of
the muon pair is used as a measure for the hardness of
the event. Observables are shown as differential distri-
butions in a certain pZT range, or their mean value is
plotted as a function of pZT in profile histograms. Each
observable is divided in three different angular regions
defined with respect to the Z-boson direction. The to-
ward region subtends an azimuthal cone of angle 2pi/3
around the Z-boson direction. The away region is the
cone of azimuthal size 2pi/3 directly opposite the to-
ward region, and the transverse region covers the re-
mainder of the solid angle. The transverse region is fur-
ther separated on an event-by-event basis by measuring
the sum of the charged-particle transverse momenta in
each one of the two opposite contributing regions. The
region with more activity is labelled “trans-max” while
the other is labelled “trans-min”. The difference be-
tween them for a given observable is usually referred to
as the “trans-diff” region [3,68], although it does not
actually represent a region. This additional separation
is helpful because while soft UE effects are expected
to contribute equally to the “trans-min” and “trans-
max” regions, further primary perturbative radiation
should contribute more to “trans-max”. Therefore, in
the “trans-diff” contributions to observables the UE ef-
fects are expected to largely cancel enhancing the sen-
sitivity to the primary radiation component.
The observables we consider are the number of charged
particles per unit η–φ, Nch/δη δφ , the scalar pT sum of
stable charged particles per unit η–φ,
∑
pT /δη δφ, and
the average pT of charged particles, 〈pT〉.
Figure 1 shows the mean pT per charged particle as
a function of charged particle multiplicity, both in the
transverse and the away region. Geneva without MPI
effects has a much larger 〈pT〉 for events with many
charged particles than observed and is clearly inade-
quate to describe the data. This is because MPI adds
many soft charged tracks to collision events, which has
the effect of lowering the mean pT per charged parti-
cle. However, with MPI turned on, Geneva describes
the data quite well, and its agreement is roughly at the
level of Pythia standalone.
Figure 2 shows the differential
∑
pT /δη δφ distribu-
tion for pZT < 5 GeV. At such low values of p
Z
T one ex-
pects the extra perturbative effects included in Geneva
to matter less than MPI and nonperturbative effects. As
expected, Geneva without MPI clearly fails to capture
the shape of the distribution, and it undershoots it for∑
pT > 200 MeV. Once MPI is turned on, Geneva
agrees well with standalone Pythia both in the to-
ward and transverse region. Among the various tunes,
ATLAS tune AZ (tune 17) clearly performs worse, which
reflects the lack of updated UE-sensitive information
in its input. The other tunes agree very well with the
data, which clearly supports that the procedure for in-
terfacing Geneva to Pythia does not spoil the shower
accuracy of Pythia.
For pZT > 110 GeV, as shown in fig. 3, Geneva
and Pythia both agree well with each other (within
the larger statistical fluctuations that appear in pres-
ence of such a hard cut). They also agree well with
the data in the transverse region, while in the toward
region Geneva gives a better description of the data
at high values of
∑
pT /δη δφ. The better agreement of
Geneva could be due to the more accurate perturba-
tive information included, however a more detailed un-
derstanding of the interplay between the perturbative
and nonperturbative physics would be required to make
a definite statement.
Similar results are obtained for the Nch/δη δφ dis-
tributions. For pZT < 5 GeV shown in fig. 4, Geneva
without MPI is clearly not giving enough charged tracks,
while both Geneva with MPI and Pythia standalone
give roughly the same predictions (both disagree with
the data somewhat). For pZT > 110 GeV, as shown in
fig. 5, differences betweenGeneva and standalonePythia
develop again. For the central tune we have chosen,
Pythia agrees slightly better with the data, however,
the uncertainties from thePythia tunes are large. Again,
ATLAS tune AZ (tune 17) seems to be in worse agree-
ment with data.
Averaging each observable allows one to look at the
description of the data across the whole pZT spectrum.
Figure 6 shows the average of
∑
pT /δη δφ as a func-
8tion of pZT. As before, Geneva without MPI does not
describe the data at all. Pythia on its own falls be-
low the data as pZT increases, whereas Geneva stays
closer to the data even for very high (> 100 GeV) bins
of pZT in both regions. This is also evident in Figure
7, which shows the same obervable in the “trans-min”
and “trans-diff” regions. While the tuning of Pythia
manages to bring it into fair agreement with data in
the more UE-sensitive “trans-min” region, the lack of
an higher-order description of primary radiation results
in Pythia undershooting the measurements at high pZT
in the less UE-sensitive “trans-diff” region. The predic-
tions of Geneva are instead in good agreement with
the data in both regions.
The Nch/δη δφ distribution as a function of p
Z
T in
figures 8 and 9 follow a similar pattern, but the agree-
ment of Pythia8 with the data is overall much better
than for the average
∑
pT /δη δφ distribution, and the
difference between Geneva and Pythia is less pro-
nounced. Both are in reasonable agreement with the
data. In the “trans-diff” region, both Pythia stan-
dalone and Geneva without MPI approach the data
at high pZT, while Geneva with MPI now overshoots
the data. This is a clear indication that some primary
effects have been tuned into Pythia’s MPI model.
3.2 CMS
The CMS analysis uses similar UE-sensitive observables
and event region definitions. CMS candidate events also
only include di-muon events, with 81 < mµ+µ− < 101
GeV. Fig. 10 shows the Nch/δη δφ and
∑
pT /δη δφ
distributions as a function of pZT for relatively small
pZT < 100 GeV. As expected, MPI effects are required
for a proper description of the data. Again Geneva
agrees well with standalone Pythia for both observ-
ables. Fig. 11 shows the differential Nch and pT spec-
tra in the toward and transverse regions, with no re-
strictions on pZT (note that unlike ATLAS, here the pT
spectrum is plotted rather than the
∑
pT spectrum).
Geneva agrees well with Pythia on the Nch distribu-
tion, and both underestimate the charged track density
for low Nch and overestimate it for Nch > 10. Agree-
ment between Pythia and Geneva on the pT spec-
trum holds only for low values of pT. Geneva agrees
with the data within 20% across the whole pT spectrum,
while Pythia predicts a comparatively softer spectrum
for pT > 3 GeV. Again, a more careful theoretical study
is required to understand whether the increased agree-
ment can be attributed to Geneva’s higher perturba-
tive accuracy.
4 Beam thrust event shape
One issue with tuning the modeling of the underlying
event is that the observables used in determining the
tunes are typically sensitive to several physical effects,
both perturbative and nonperturbative. As discussed
in the previous section, for UE-sensitive distributions
that have dependence on the hard kinematics, the in-
clusion of the correct perturbative physics is important
to describe the data. However, while any higher-order
perturbative calculations matched to parton showers
can reproduce the hard physics at fixed order, usually
they do not account for soft perturbative physics asso-
ciated with the primary interaction. For this reason, it
is difficult to disentangle the perturbative effects of the
primary interaction, MPI, and nonperturbative physics
when tuning the underlying-event model.
By choosing an observable for which the underly-
ing primary perturbative physics is known precisely,
one can get a better handle on the effects due to MPI.
Recently, ATLAS has measured the normalized beam
thrust distribution 1/σ(dσ/dTCM) [69], where
TCM =
∑
i
pT,i e
−|ηi| . (16)
Here pTi and ηi are the transverse momentum and ra-
pidity of each particle in the final state but excluding
the decay products of the vector boson.
The beam thrust 0-jet resolution variable used by
Geneva is defined as
T0 =
∑
i
pT,i e
−|ηi−YV | , (17)
where YV is the rapidity of the vector boson. As dis-
cussed in sec. 2.3, Geneva includes the perturbative
contributions to beam thrust from the primary inter-
action to NNLL′+NNLO accuracy, which includes in
particular soft ISR effects. While the two observables
are not exactly the same, they are closely related and
have the same underlying resummation structure [37,
70]. They only differ in the dependence on YV , lead-
ing to some differences in the resummed contributions.
However, upon integrating over YV and matching to full
fixed order, the final distributions for both variables are
nearly identical. (A detailed study of this YV depen-
dence in a slightly different context can be found in
ref. [63].) Hence, Geneva essentially predicts the pri-
mary perturbative contributions for TCM at NNLL′+
NNLO accuracy.
On the other hand, MPI and nonperturbative had-
ronization effects are not included in Geneva’s pertur-
bative input, but have a large effect on the beam thrust
spectrum. Due to the sum over all particles, any sec-
ondary collision contributes to beam thrust, such that
9b b b b b
b b b b b b b
b b
b
Atlasb
Geneva+Py8
Geneva+Py8(no MPI)
Pythia8
Tune 11
Tune 14
Tune 17
0
1
2
3
4
5
Z → µ+µ−, 7 TeV, Transverse region, dressed level
〈m
ea
n
p
T
〉[
G
eV
]
5 10 15 20 25 30 35 40 45 50
0.8
0.9
1.0
1.1
1.2
1.3
Nch
M
C
/
D
a
ta
b b
b b
b b b
b b b b
b b
b
b
0
0.5
1
1.5
2
2.5
3
3.5
4
Z → µ+µ−, 7 TeV, Away region, dressed level
〈m
ea
n
p
T
〉[
G
eV
]
5 10 15 20 25 30 35 40 45 50
0.9
0.95
1.0
1.05
1.1
Nch
M
C
/
D
a
ta
Fig. 1: Mean charged particle pT as a function of multiplicity, in the transverse region (left panel) and away region
(right panel).
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Fig. 2: The differential
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pT /δη δφ distribution at low p
Z
T < 5 GeV, in the toward region (left panel) and transverse
region (right panel).
a prediction without MPI effects fails to describe the data. Also, the experimentally measured distribution is
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Fig. 3: The differential
∑
pT /δη δφ distribution at high p
Z
T > 110 GeV, in the toward region (left panel) and
transverse region (right panel).
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Fig. 4: The differential Nch/δη δφ distribution at low p
Z
T < 5 GeV, in the toward region (left panel) and transverse
region (right panel).
defined by summing only over charged final-state par- ticles, and is thus directly sensitive to hadronization
effects.
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Z
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Fig. 6: The charged particle scalar
∑
pT density average values, as a function of Z-boson transverse momentum
pZT , in the toward region (left panel) and transverse region (right panel).
Geneva matched to Pythia8 provides the only
theoretical calculation of beam thrust, which simultane-
ously includes NNLL′+NNLO0 logarithmic resumma-
tion at low T0, NLO1 accuracy at large T0, as well as the
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Fig. 8: The number of charged particle tracks, as a function of Z-boson transverse momentum pZT , in the toward
region (left panel) and transverse region (right panel).
effects from MPI and hadronization. Thus, comparing
the predictions of Geneva+Pythia8 to the ATLAS
measurements allows one to constrain the MPI and non-
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perturbative effects independent of perturbative con-
tamination.
In fig. 12, the comparison of Geneva+Pythia8
with the data is shown. One can clearly see that with-
out including the effects of MPI, one cannot repro-
duce the data. However, once MPI effects are included,
Geneva+Pythia8 agrees well with the data. The no-
ticeable exception is when the ATLAS AZ tune (tune
17) is used, in which case Pythia8 standalone and
to a lesser extent Geneva+Pythia8 undershoot the
data even for moderate values of TCM. This can again
be traced back to the lack of recent UE-sensitive in-
puts in the ATLAS AZ tune. Note that while stan-
dalone Pythia gives a good agreement with the data
for 5 GeV < TCM < 40 GeV, it falls below the data for
TCM > 40 GeV. Geneva+Pythia8, on the other hand,
describes the data much better, especially at larger val-
ues of TCM. Given that Geneva includes the perturba-
tive soft ISR effects at high logarithmic accuracy, the
fact that the predictions are in such good agreement
with the data indicates that the MPI is modeled well
by the Pythia tune we have chosen.
Figure 13 compares Geneva+Pythia8 for the TCM
distribution in different regions of transverse momen-
tum of the Z boson. This introduces a dependence on
the pZT spectrum in the measurement. While the overall
shape is still described well by Geneva+Pythia8, a
slight discrepancy develops in the tails of the distribu-
tion at large TCM. This is most likely due to the fact
that the pZT distribution is predicted with lower accu-
racy in Geneva compared to the beam thrust distri-
bution. As expected, there is better agreement in the
pZT > 25 range, where the p
Z
T spectrum starts to be
dominated by the fixed-order calculation.
5 Conclusions
We have presented a study of UE-sensitive observables
for Drell-Yan neutral-current production in theGeneva
Monte Carlo framework. By adding the ability to turn
on the MPI model included in Pythia8, one obtains an
accurate description of observables that are sensitive to
both hard and soft physics. UE-sensitive observables
often contain contributions from the primary hard in-
teraction, e.g. charged particle tracks coming from the
hadronization of hard jets that recoil against the dilep-
ton system in Drell-Yan processes. In sec. 3 the predic-
tions of Geneva+Pythia8 are compared against mea-
surements from ATLAS and CMS for a variety of UE-
sensitive observables. In all cases MPI is clearly needed
to accurately describe the data. Using the transverse
momentum of the muon pair pZT as a measure for the
hardness of the event, one finds that the predictions of
Geneva agree well with standalone Pythia for events
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Fig. 10: The number of charged particle tracks (top) and summed charged particle transverse momentum (bottom)
as a function of Z-boson transverse momentum pZT in the toward region (left panels) and transverse region (right
panels).
in bins of low pZT. This validates that the interface of
Geneva with Pythia does not spoil the logarithmic
accuracy of the parton shower. For events with high pZT,
Geneva matches or in some cases improves on the de-
scription of standalone Pythia. All comparisons with
data are shown for different underlying-event tunes,
which are presets of nonperturbative parameters fit-
ted from experimental measurements. The uncertainty
coming from the choice of tune is in many cases signif-
icant.
The dependence on the tune used in Pythia illus-
trates the necessity to tune the models contained in
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Fig. 11: The differential charged particle multiplicity (top) and transverse momentum (bottom) distributions in
the toward region (left panels) and transverse region (right panels).
Pythia. Traditionally, one uses a wide variety of UE
sensitive observables to constrain these models, in par-
ticular the effects from MPI. However, as discussed,
UE-sensitive observables are not only affected by the
details of the MPI model chosen, but also depend on
the soft radiation pattern in the primary interaction.
For this reason, it is quite difficult to disentangle these
two effects from one another. Comparing measurements
and predictions of an observable for which the pertur-
bative effects from the primary interaction is known
to higher order, including the soft radiation, will allow
to isolate the MPI effects. One such variable is beam
thrust, which is predicted in Geneva perturbatively
to NNLL′+NNLO and has recently been measured by
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Fig. 12: The beam thrust distribution TCM.
ATLAS. Comparing the predictions of Geneva+Pythia8
with the data allows to test the MPI model more di-
rectly than is possible for other UE-sensitive observ-
ables. The good agreement with the data indicates that
the MPI model in the MonashStar tune we use as our
default describes the physics reasonably well.
Acknowledgements We thank J. Lindert and P. Maierhoe-
fer for help and support in interfacing Geneva to OpenLoops.
CWB would like the thank the KITP in Santa Barbara for
financial support during the final stages of this project. This
work was supported by the Director, Office of Science, Office
of High Energy Physics of the U.S. Department of Energy un-
der the Contract No. DE-AC02-05CH11231 (CWB, SG), the
DFG Emmy-Noether Grant No. TA 867/1-1 (FT), the CO-
FUND Fellowship under grant agreement PCOFUND-GA-
2012-600377 (SA), and a fellowship from the Belgian Amer-
ican Educational Foundation (SG). This research used re-
sources of the National Energy Research Scientific Comput-
ing Center, which is supported by the Office of Science of the
U.S. Department of Energy under Contract No. DE-AC02-
05CH11231.
References
1. Axial Field Spectrometer collaboration, T. Akesson
et al., Properties of Jets in High e(T ) Events Produced in
pp Collisions at
√
s = 63-GeV, Z. Phys. C25 (1984) 13.
2. T. Sjostrand and M. van Zijl, A Multiple Interaction
Model for the Event Structure in Hadron Collisions, Phys.
Rev. D36 (1987) 2019.
3. G. Marchesini and B. R. Webber, Associated Transverse
Energy in Hadronic Jet Production, Phys. Rev. D38
(1988) 3419.
4. CDF collaboration, T. Affolder et al., Charged jet
evolution and the underlying event in pp¯ collisions at 1.8
TeV, Phys. Rev. D65 (2002) 092002.
5. M. Cacciari, G. P. Salam and S. Sapeta, On the
characterisation of the underlying event, JHEP 04 (2010)
065, [arXiv:0912.4926].
6. CMS collaboration, S. Chatrchyan et al., Measurement of
the underlying event in the Drell-Yan process in
proton-proton collisions at
√
s = 7 TeV, Eur. Phys. J.
C72 (2012) 2080, [arXiv:1204.1411].
7. I. W. Stewart, F. J. Tackmann and W. J. Waalewijn,
Dissecting Soft Radiation with Factorization, Phys. Rev.
Lett. 114 (2015) 092001, [arXiv:1405.6722].
8. S. Catani, F. Krauss, R. Kuhn and B. R. Webber, QCD
matrix elements + parton showers, JHEP 11 (2001) 063,
[hep-ph/0109231].
9. L. Lo¨nnblad, Correcting the colour-dipole cascade model
with fixed order matrix elements, JHEP 05 (2002) 046,
[hep-ph/0112284].
10. S. Frixione and B. R. Webber, Matching NLO QCD
computations and parton shower simulations, JHEP 06
(2002) 029, [hep-ph/0204244].
11. S. Frixione, P. Nason and B. R. Webber, Matching NLO
QCD and parton showers in heavy flavour production,
JHEP 08 (2003) 007, [hep-ph/0305252].
12. P. Nason, A new method for combining NLO QCD with
shower Monte Carlo algorithms, JHEP 11 (2004) 040,
[hep-ph/0409146].
13. S. Frixione, P. Nason and C. Oleari, Matching NLO QCD
computations with Parton Shower simulations: the
POWHEG method, JHEP 11 (2007) 070,
[arXiv:0709.2092].
14. S. Alioli, P. Nason, C. Oleari and E. Re, A general
framework for implementing NLO calculations in shower
Monte Carlo programs: the POWHEG BOX, JHEP 1006
(2010) 043, [arXiv:1002.2581].
15. S. Alioli, K. Hamilton and E. Re, Practical improvements
and merging of POWHEG simulations for vector boson
production, JHEP 1109 (2011) 104, [arXiv:1108.0909].
16. S. Hoeche, F. Krauss, M. Schonherr and F. Siegert,
QCD matrix elements + parton showers: The NLO case,
JHEP 1304 (2013) 027, [arXiv:1207.5030].
17. T. Gehrmann, S. Hoche, F. Krauss, M. Schonherr and
F. Siegert, NLO QCD matrix elements + parton showers
in e+e− → hadrons, JHEP 1301 (2013) 144,
[arXiv:1207.5031].
18. R. Frederix and S. Frixione, Merging meets matching in
MC@NLO, JHEP 1212 (2012) 061, [arXiv:1209.6215].
19. S. Pla¨tzer, Controlling inclusive cross sections in parton
shower + matrix element merging, JHEP 1308 (2013)
114, [arXiv:1211.5467].
20. S. Alioli, C. W. Bauer, C. Berggren, A. Hornig, F. J.
Tackmann et al., Combining Higher-Order Resummation
with Multiple NLO Calculations and Parton Showers in
GENEVA, JHEP 1309 (2013) 120, [arXiv:1211.7049].
21. L. Lo¨nnblad and S. Prestel, Merging Multi-leg NLO
Matrix Elements with Parton Showers, JHEP 03 (2013)
166, [arXiv:1211.7278].
22. K. Hamilton, P. Nason, C. Oleari and G. Zanderighi,
Merging H/W/Z + 0 and 1 jet at NLO with no merging
scale: a path to parton shower + NNLO matching, JHEP
1305 (2013) 082, [arXiv:1212.4504].
23. G. Luisoni, P. Nason, C. Oleari and F. Tramontano,
HW±/HZ + 0 and 1 jet at NLO with the POWHEG BOX
17
b b
b
b
b
b b b b b b b
Atlasb
Geneva+Py8
Geneva+Py8(no MPI)
Pythia8
Tune 11
Tune 14
Tune 17
0
0.05
0.1
0.15
0.2
0.25
Z → µ+µ−, 7 TeV, pZT ∈ [0, 6) GeV
1/
N
d
N
/
d
T C
M
[G
eV
]
0 10 20 30 40 50 60
0.6
0.8
1
1.2
1.4
TCM [GeV]
M
C
/D
at
a
b
b
b
b
b
b
b b b b b b0
0.05
0.1
0.15
0.2
Z → µ+µ−, 7 TeV, pZT ∈ [6, 12) GeV
1/
N
d
N
/
d
T C
M
[G
eV
]
0 10 20 30 40 50 60
0.6
0.8
1
1.2
1.4
TCM [GeV]
M
C
/D
at
a
b
b b
b
b
b
b
b
b b b b0
0.02
0.04
0.06
0.08
0.1
0.12
Z → µ+µ−, 7 TeV, pZT ∈ [12, 25) GeV
1/
N
d
N
/
d
T C
M
[G
eV
]
0 10 20 30 40 50 60
0.6
0.8
1
1.2
1.4
TCM [GeV]
M
C
/D
at
a
b
b
b
b
b
b
b
b
b
b
b
b
0
0.01
0.02
0.03
0.04
0.05
Z → µ+µ−, 7 TeV, pZT > 25 GeV
1/
N
d
N
/
d
T C
M
[G
eV
]
0 10 20 30 40 50 60
0.6
0.8
1
1.2
1.4
TCM [GeV]
M
C
/D
at
a
Fig. 13: The beam thrust distribution TCM for different bins in pZT.
interfaced to GoSam and their merging within MiNLO,
JHEP 1310 (2013) 083, [arXiv:1306.2542].
24. K. Hamilton, P. Nason, E. Re and G. Zanderighi,
NNLOPS simulation of Higgs boson production, JHEP
1310 (2013) 222, [arXiv:1309.0017].
25. Ho¨che, Stefan and Li, Ye and Prestel, Stefan, Drell-Yan
lepton pair production at NNLO QCD with parton showers,
Phys. Rev. D 91 (2015) 074015, [arXiv:1405.3607].
26. A. Karlberg, E. Re and G. Zanderighi, NNLOPS
accurate Drell-Yan production, JHEP 09 (2014) 134,
[arXiv:1407.2940].
27. Ho¨che, Stefan and Li, Ye and Prestel, Stefan,
Higgs-boson production through gluon fusion at NNLO
QCD with parton showers, Phys. Rev. D 90 (2014)
054011, [arXiv:1407.3773].
28. K. Hamilton, P. Nason and G. Zanderighi, Finite
quark-mass effects in the NNLOPS POWHEG+MiNLO
Higgs generator, JHEP 05 (2015) 140,
[arXiv:1501.04637].
18
29. S. Alioli, C. W. Bauer, C. Berggren, F. J. Tackmann,
J. R. Walsh et al., Matching Fully Differential NNLO
Calculations and Parton Showers, JHEP 1406 (2014)
089, [arXiv:1311.0286].
30. S. Alioli, C. W. Bauer, C. Berggren, F. J. Tackmann
and J. R. Walsh, Drell-Yan production at NNLL’+NNLO
matched to parton showers, Phys. Rev. D92 (2015)
094020, [arXiv:1508.01475].
31. J. M. Campbell, R. K. Ellis, P. Nason and
G. Zanderighi, W and Z bosons in association with two
jets using the POWHEG method, JHEP 08 (2013) 005,
[arXiv:1303.5447].
32. R. Frederix, S. Frixione, A. Papaefstathiou, S. Prestel
and P. Torrielli, A study of multi-jet production in
association with an electroweak vector boson, JHEP 02
(2016) 131, [arXiv:1511.00847].
33. B. Blok and P. Gunnellini, Dynamical approach to MPI
in W+dijet and Z+dijet production within the PYTHIA
event generator, Eur. Phys. J. C76 (2016) 202,
[arXiv:1510.07436].
34. T. Sjo¨strand, S. Mrenna and P. Skands, PYTHIA 6.4
physics and manual, JHEP 05 (2006) 026,
[hep-ph/0603175].
35. T. Sjo¨strand, S. Mrenna and P. Z. Skands, A Brief
Introduction to PYTHIA 8.1, Comput. Phys. Commun.
178 (2008) 852–867, [arXiv:0710.3820].
36. T. Sjstrand, S. Ask, J. R. Christiansen, R. Corke,
N. Desai, P. Ilten et al., An Introduction to PYTHIA 8.2,
Comput. Phys. Commun. 191 (2015) 159–177,
[arXiv:1410.3012].
37. I. W. Stewart, F. J. Tackmann and W. J. Waalewijn,
Factorization at the LHC: From PDFs to Initial State Jets,
Phys. Rev. D 81 (2010) 094035, [arXiv:0910.0467].
38. I. W. Stewart, F. J. Tackmann and W. J. Waalewijn,
N-Jettiness: An Inclusive Event Shape to Veto Jets, Phys.
Rev. Lett. 105 (2010) 092002, [arXiv:1004.2489].
39. P. Pietrulewicz, F. J. Tackmann and W. J. Waalewijn,
Factorization and Resummation for Generic Hierarchies
between Jets, arXiv:1601.05088.
40. I. W. Stewart, F. J. Tackmann and W. J. Waalewijn,
The Beam Thrust Cross Section for Drell-Yan at NNLL
Order, Phys. Rev. Lett. 106 (2011) 032001,
[arXiv:1005.4060].
41. I. W. Stewart, F. J. Tackmann and W. J. Waalewijn,
The Quark Beam Function at NNLL, JHEP 1009 (2010)
005, [arXiv:1002.2213].
42. J. R. Gaunt, M. Stahlhofen and F. J. Tackmann, The
Quark Beam Function at Two Loops, JHEP 04 (2014)
113, [arXiv:1401.5478].
43. J. R. Gaunt, Glauber Gluons and Multiple Parton
Interactions, JHEP 07 (2014) 110, [arXiv:1405.2080].
44. I. Z. Rothstein and I. W. Stewart, An Effective Field
Theory for Forward Scattering and Factorization
Violation, JHEP 08 (2016) 025, [arXiv:1601.04695].
45. T. Sjostrand and P. Z. Skands,
Transverse-momentum-ordered showers and interleaved
multiple interactions, Eur. Phys. J. C39 (2005) 129–154,
[hep-ph/0408302].
46. R. Corke and T. Sjostrand, Multiparton Interactions and
Rescattering, JHEP 01 (2010) 035, [arXiv:0911.1909].
47. T. Sjostrand and P. Z. Skands, Multiple interactions and
the structure of beam remnants, JHEP 03 (2004) 053,
[hep-ph/0402078].
48. B. Blok, Yu. Dokshitzer, L. Frankfurt and M. Strikman,
The Four jet production at LHC and Tevatron in QCD,
Phys. Rev. D83 (2011) 071501, [arXiv:1009.2714].
49. B. Blok, Yu. Dokshitser, L. Frankfurt and M. Strikman,
pQCD physics of multiparton interactions, Eur. Phys. J.
C72 (2012) 1963, [arXiv:1106.5533].
50. B. Blok, Yu. Dokshitzer, L. Frankfurt and M. Strikman,
Origins of Parton Correlations in Nucleon and
Multi-Parton Collisions, arXiv:1206.5594.
51. B. Blok, Yu. Dokshitzer, L. Frankfurt and M. Strikman,
Perturbative QCD correlations in multi-parton collisions,
Eur. Phys. J. C74 (2014) 2926, [arXiv:1306.3763].
52. M. Diehl, D. Ostermeier and A. Schafer, Elements of a
theory for multiparton interactions in QCD, JHEP 03
(2012) 089, [arXiv:1111.0910].
53. A. V. Manohar and W. J. Waalewijn, A QCD Analysis
of Double Parton Scattering: Color Correlations,
Interference Effects and Evolution, Phys. Rev. D 85
(2012) 114009, [arXiv:1202.3794].
54. A. V. Manohar and W. J. Waalewijn, What is Double
Parton Scattering?, Phys. Lett. B713 (2012) 196–201,
[arXiv:1202.5034].
55. T. Kasemets and M. Diehl, Angular correlations in the
double Drell-Yan process, JHEP 01 (2013) 121,
[arXiv:1210.5434].
56. M. Diehl, J. R. Gaunt, D. Ostermeier, P. Plo¨ßl and
A. Scha¨fer, Cancellation of Glauber gluon exchange in the
double Drell-Yan process, JHEP 01 (2016) 076,
[arXiv:1510.08696].
57. ATLAS collaboration, G. Aad et al., Measurement of
distributions sensitive to the underlying event in inclusive
Z-boson production in pp collisions at
√
s = 7 TeV with the
ATLAS detector, Eur. Phys. J. C74 (2014) 3195,
[arXiv:1409.3433].
58. J. Butterworth et al., PDF4LHC recommendations for
LHC Run II, J. Phys. G43 (2016) 023001,
[arXiv:1510.03865].
59. A. Buckley, J. Ferrando, S. Lloyd, K. Nordstro¨m,
B. Page, M. Ru¨fenacht et al., LHAPDF6: parton density
access in the LHC precision era, Eur. Phys. J. C75 (2015)
132, [arXiv:1412.7420].
60. F. Cascioli, P. Maierhofer and S. Pozzorini, Scattering
Amplitudes with Open Loops, Phys. Rev. Lett. 108 (2012)
111601, [arXiv:1111.5206].
61. Z. Ligeti, I. W. Stewart and F. J. Tackmann, Treating
the b quark distribution function with reliable uncertainties,
Phys. Rev. D 78 (2008) 114014, [arXiv:0807.1926].
62. R. Abbate, M. Fickinger, A. H. Hoang, V. Mateu and
I. W. Stewart, Thrust at N3LL with Power Corrections
and a Precision Global Fit for αs(mZ), Phys. Rev. D 83
(2011) 074021, [arXiv:1006.3080].
63. S. Gangal, M. Stahlhofen and F. J. Tackmann,
Rapidity-Dependent Jet Vetoes, Phys. Rev. D 91 (2015)
054023, [arXiv:1412.4792].
64. CMS collaboration, V. Khachatryan et al., Event
generator tunes obtained from underlying event and
multiparton scattering measurements, Eur. Phys. J. C76
(2016) 155, [arXiv:1512.00815].
65. P. Skands, S. Carrazza and J. Rojo, Tuning PYTHIA
8.1: the Monash 2013 Tune, Eur. Phys. J. C74 (2014)
3024, [arXiv:1404.5630].
66. Summary of ATLAS Pythia 8 tunes, Tech. Rep.
ATL-PHYS-PUB-2012-003, CERN, Geneva, Aug, 2012.
67. ATLAS collaboration, G. Aad et al., Measurement of the
Z/γ∗ boson transverse momentum distribution in pp
collisions at
√
s = 7 TeV with the ATLAS detector, JHEP
09 (2014) 145, [arXiv:1406.3660].
68. J. Pumplin, Hard underlying event correction to inclusive
jet cross-sections, Phys. Rev. D57 (1998) 5787–5792,
[hep-ph/9708464].
19
69. ATLAS collaboration, G. Aad et al., Measurement of
event-shape observables in Z → `+`− events in pp
collisions at
√
s = 7 TeV with the ATLAS detector at the
LHC, Eur. Phys. J. C76 (2016) 375, [arXiv:1602.08980].
70. C. F. Berger, C. Marcantonini, I. W. Stewart, F. J.
Tackmann and W. J. Waalewijn, Higgs Production with a
Central Jet Veto at NNLL+NNLO, JHEP 1104 (2011)
092, [arXiv:1012.4480].
